Abstract: A directional coupler structure formed by a nematic liquid crystal (NLC)-filled photonic crystal fiber (PCF) represents a promising configuration in sensing applications. Because of large refractive index difference between the NLC and silica material, the mode coupling between the NLC waveguide and the silica core is more complicated than the situation of coupling between two fundamental modes of the waveguides. Therefore, it is necessary to perform a theoretical investigation of the mode properties associated with the experimental studies of the coupling characteristics. In this paper, we present a thorough analysis, both theoretically and experimentally, of the directional coupler structure, including the mode properties, coupling characteristics, and thermal sensing properties. The temperature response of the device is experimentally measured, showing a polynomial curve in nematic phase and a linear curve in isotropic phase. The nonlinearity of the temperature response of the device in nematic phase and the linearity in isotropic phase are attributed to the temperature dependence of the refractive index of the NLC. Specifically, the sensitivity is À3:86 nm= C in isotropic phase of the 6CHBT with good linearity and shows good agreement with simulation results.
Introduction
The growing interest and effort in research and development of photonic crystal fibers (PCFs) and PCF-based devices and applications are primarily due to the great flexibility in controlling and manipulating the electromagnetic radiation in the tailored microstructure. In addition, the continuing improvement in PCF fabrication technology plays an important role in enabling the realization of many unique and practical PCF applications, such as supercontinuum generation source [1] , high power delivery [2] , medical imaging [3] , optical communication components [4] - [6] , optical sensing [7] - [10] , etc. Furthermore, the optical properties of the PCFs can be effectively modified, and therefore, acquiring additional functionalities by filling the air holes with polymer [11] , gas [12] , liquid [13] , metal [14] , and semiconductor [15] . In this regard, PCFs act as light conduits and promising platforms to integrate thermooptic, optofluidic, and optoelectronic technologies for developing multifunctional devices. The pioneering work of liquid-filled PCF has demonstrated versatility in sensing applications and optical properties engineering such as birefringence and nonlinearity [16] - [19] . By selectively filling liquid to a single void in the cladding, a PCF directional coupler structure can be formed [20] , [21] . The liquid crystal (LC)-filled PCF (LCPCF) has demonstrated useful tunable properties for various applications such as switching [22] , attenuator [23] , and sensing [24] via electric, optical, or thermal control. The reported LCPCF structures predominately fill LC materials in all air holes of the fiber and, hence, change the guiding mechanism of PCF from modified total internal reflection to photonic bandgap guidance due to higher refractive indices of the LC material. As a result, the bandgap properties can be controlled and utilized for sensing purposes [25] , [26] . However, through our experimental studies, we have found that infiltration of liquid such as water, alcohol, and LC to multiple air channels in the PCF structure is not of the same infiltration speed and, thus, of different infiltration length among the filled channels. Moreover, the infiltration in the channels is not continuous, i.e., there are intervals of unfilled regions or bubbles in the LC-filled channel that can be observed transversely under the microscope. In other words, it is difficult to ensure uniform infiltration among multiple air channels and to obtain a continuous infiltration in the channel without air gaps. Comparatively, selective infiltration of LC can provide better control in developing tunable devices for sensing applications. First, with selective infiltration to desirable air holes in the PCF structure, the number of filled air channels is controlled and reduced to single void in this work, which significantly circumvents the problem of nonuniform LC infiltration in multiple air holes. Second, the fabricated device is compact, i.e., around 9 mm; the presence of the bubbles in the filled channel is also greatly reduced due to shorter infiltration length. In this paper, we construct a compact directional PCF coupler by selectively filling nematic LC (NLC) 6CHBT (Military University of Technology, Warsaw, Poland) in a single void next to the silica core in the PCF. The device relies on mode couplings between the NLC channel guided modes and silica core modes, as reported in the directional coupler structures [20] , [21] . A finite-difference method is employed to model the directional coupler structure and investigate the modal properties as well as coupling characteristics. The coupling characteristics and temperature response of the device are experimentally studied.
Operating Principle and Simulation Results
The operating principle of the LCPCF directional coupler is based on the mode couplings between the NLC-filled-channel guided modes and the silica core guided modes, which lead to transmission notches in the measured spectrum. The transmission notches occur at phase matching wavelengths where the effective mode indices of the NLC channel guided modes are equal to the silica core guided modes. The silica core guided modes are insensitive to varying temperature; on the other hand, due to the temperature dependence of the optical properties of the NLC, the effective mode indices of the NLC channel guided modes change significantly as a function of temperature. As a result, the phase matching wavelength corresponding to the transmission notch is a function of temperature, and the spectral shift of the transmission notch can be measured by an optical spectrum analyzer (OSA) to investigate the temperature response of the device.
The schematic diagram of the single-void-filled LCPCF directional coupler device is shown in Fig. 1 . The LCPCF device is spliced to single-mode fiber (SMF) at both sides, which are connected to an amplified spontaneous emission broadband light source (1530-1600 nm) and OSA. The upper inset figure is the microscopic image of the cross section of the single-void-filled LCPCF. The NLC-filled void next to the silica core shows a white color that is different from the rest of the unfilled voids. The lower inset figure shows the splicing between SMF and LCPCF. The LCPCF device is placed in an oven with temperature control accuracy of 0.1 C ranging from room temperature to 53 C since the measurement of the refractive index (RI) of 6CHBT as a function of varying temperature is available in this range. The RI profile of 6CHBT as a function of temperature is plotted in Fig. 2 . The transition from nematic phase to isotropic phase occurs at clearing temperature, i.e., 43 C. The RI in nematic phase and isotropic phase are denoted by n e , n o , and n iso , respectively. Because of the predominated axial alignment of NLC molecule in the LCPCF, the effect of the birefringence is neglected in the simulation, and n o is used as the RI below the clearing temperature.
The LCPCF directional coupler is modeled by the finite-difference method (Mode Solutions, Lumerical) for analysis of mode properties as well as its coupling characteristics. The PCF used in this work is an LMA-25 fiber from NKT Photonics. The diameter of the voids is 8.4 m, the pitch is 16.35 m, and the outer diameter is 268 m. The RI of silica is assumed to be 1.448 and remains constant for different temperatures. The RI of the NLC is based on measurements shown in Fig. 2 . It should be noted that the material dispersion of silica can be modeled by Sellmeier's equation, and that of NLC can be modeled by the equation with Cauchy coefficients [27] . However, as shown in [19] , any slight deviation of the fabricated device from the simulated structure can lead to significant difference in phase matching wavelength of experiments from simulation results. On the other hand, the spectral shifts with varying temperature can be accurately modeled by the simulation. Therefore, it is useful to use simulation results qualitatively to investigate the mode properties of the directional coupler structure. Nevertheless, the coupling mechanism can be elucidated by the simulated effective mode index profiles, and the device sensitivity can be calculated by the simulations accurately. Therefore, the material dispersion for both silica and NLC is neglected in the simulations for simplicity without losing clarity on the analysis.
Because the RI of the NLC is much higher than that of silica, only NLC channel guided higher order modes can couple to silica core guided modes when their effective mode indices are equal. The NLC channel guided modes up to the 60th mode at a wavelength of 1600 nm are calculated and plotted in Fig. 3 using the RI value at 46 C for illustration. LP refers to linear polarized mode with degeneracy. The modes LP 42 , LP 04 , LP 71 , and LP 23 are likely to intersect with the silica core guided modes, i.e., the LP 01 mode of the silica core modes is considered. The effective mode indices of the aforementioned NLC channel guided modes and silica core guided mode LP 01 are calculated as a function of wavelength and shown in Fig. 4 . Apparently, there are intersections between the NLC guided mode index curves and silica core mode curve, indicating the likely occurrence of mode couplings between both waveguides. The mode couplings are very wavelength dependent because the curves do not overlap across a broad wavelength window, which leads to narrow full-width half-maximum of the transmission notch and will be verified by experimental measurements. Furthermore, there are multiple NLC channel guided modes intersecting the silica core guided mode. Each coupling takes place at different phase matching wavelengths, and the mode profiles as well as the coupling length are thus different. For instance, the odd and even modes representing the likely mode coupling between the LP 71 mode and the LP 01 mode are shown in the inset figure. The phase matching wavelength is at 1575 nm, and the coupling length is 5.2 cm. Although the phase match wavelength determined by positioning the intersection wavelength on the mode index curves can be significantly different from the actual experiment [19] , the spectral shift of the phase matching wavelength can be calculated by the simulation accurately. Next, the lowest order mode of the degenerate LP 71 mode is simulated at temperature values of 48 C and 53 C, where the RI of NLC is available, showing spectral shifts of 7 and 23 nm, respectively [24] . The spectral shift can be a linear fit with sensitivity of À3:30 nm= C.
Fabrication and Measurements
The PCF is blocked by liquid glue, leaving only one void open for NLC infiltration. After the glue dries, the blocked side of the PCF is placed into the 6CHBT solution, allowing the LC to infiltrate the unblocked void via capillary effect. The infiltration pattern is verified by observing the other side of the PCF under microscope, as shown in Fig. 1 . This confirms that the NLC is filled only in one void shown in white color, and the infiltration is up to the entire length of the PCF. Both sides of the PCF are cleaved and spliced to SMF using a fusion arc splicer. The fabricated LCPCF device length is about 0.9 cm. The PCF device is placed in an oven, and the temperature is varied while the device spectrum is monitored. The measured spectra are plotted in Fig. 5 , which shows the transmission profile from 27.3 C to 37. 4 C in nematic phase of NLC and from 43.9 C to 53.5 C in isotropic phase of NLC. First, there are two obvious notches in the transmission spectrum in nematic phase, and they show steady red shifts to longer wavelengths as temperature increases. Second, the transmission spectrum in isotropic phase only exhibits one deep notch that moves to shorter wavelengths as temperature rises. The extinction ratio is about 17 dB, and the full-width half-maximum of the transmission dips is narrow, i.e., approximately 2 nm, which is highly desirable for sensing purposes. This is in line with the temperature dependence of the NLC RI shown in Fig. 2 . Therefore, by measuring the spectral positions of the notches, i.e., the resonance wavelengths, we can characterize the temperature sensitivity of the LCPCF-based directional coupler device, as shown in Fig. 6 . The temperature response curves of the two notches of the spectra in nematic phase can be well fitted by secondorder polynomial curves. On the other hand, the linear line fits well to the measured resonance wavelength in isotropic phase of NLC associated with temperature sensitivity of À3:86 nm= C. Compared with earlier demonstrated fluid-filled PCF directional coupler with temperature sensitivities of 11.61 nm= C and 54.3 nm= C and temperature measurement windows of 1 C and 1.5 C [20] , [21] , the achieved sensitivity is lower, but the temperature measurement window of the demonstrated device in this work extends from the nematic phase to the isotropic phase of the NLC, i.e., we demonstrated temperature sensing from 27 C to 54 C with a distinctively different spectrum for detection. In addition, the achieved sensitivity is much higher than grating-based temperature sensors ð$ 0:01 nm= CÞ [9] . The demonstrated device is desirable to be used as a point sensor. On the other hand, the temperature range that the NLC-filled PCF coupler device can be used depends on the properties of the NLC and may not be feasible for high-temperature sensing. In this paper, we only tested temperature up to 54 C up to which the RI profile of the NLC is available.
Conclusion
In conclusion, the compact directional coupler structure based on PCF filled with NLC is investigated both theoretically and experimentally. The guided modes of the NLC waveguide are examined for coupling with silica core waveguide. The coupling characteristics are demonstrated experimentally, and the transmission spectra exhibit detectable notches for temperature sensing applications.
